Abstract -Hot-carrier (HC) effects on high-frequency and RF power characteristics of Si/SiGe HBTs were investigated in this paper. We found that the small-signal current gain, output power, and power gain of SUSiGe HBTs are suffered by the HC stress. With different bias conditions, the degradations of cutoff frequency and output power were found to be worse under constant hase-current measurement than that under constant collector-current measurement. These phenomena have been explained by the change of the current gain, transconductance, and base-emitter resistance under stress.
Introduction
With both cutoff frequency and maximum oscillation frequency being shot to 200GHz [I] , [2] , SiGe HBTs have proven to be suitable for most microwave applications. SiGe HBTs are suited ideally for large-volume manufacturing of RF transceiver systems at and beyond 2.4 GHz, at which the silicon homojunction technologies lack performance and where SiGe HBTs provide higher integration levels than 111-V technologies. Recently, because of excellent microwave power performance and high thermal conductivity, SiGe HBTs have attracted much attention for RF power applications. By optimizing the SiGe process, the microwave power applications of SiGe-based HBT under investigation and development have moved from L-, S-, and C-band operations to X-band operation [3] , [4] .
Due to the high electric field at the base-emitter junction caused by the high doping levels of SiGe HBTs, the hot-carrier (HC) reliability has become a major concern for advanced devices used in commercial products [5] . However, the most literatures on HC effects deal mainly with the dc characteristics andor address the low-frequency noise behaviour [6]-[8] , and seldom address the RF characteristics [9] . In this paper, we investigated HC effects on the degradations of high-frequency and RF power characteristics of SiGe HBTs with different bias conditions. For load-pull measurements, the operating frequency was chosen at 2.4GHz, a frequency commonly used in wireless communication.
E x p e r i m e n t s
The devices under test feature four emitter fingers of 1x32 pm2, which were fabricated with a typical 0.24 pm high-voltage SiGe HBT process. Those can exhibit a dc current gain up to 181 and the BVcEo is 5.3V. The cutoff frequency V;) and maximum oscillation frequency ~M~x ) are about 23 GHz and 40 GHz, respectively. The HC stress was carried out by applying a reverse-biased base-emitter voltage (VEB) of 3.5V up to 1000 seconds at room temperature, and with the collector left open. The output power behaviours were measured using the load-pull system, and the S-parameter measurements were carried out using HP85lO network analyzer.
Results and Discussion
Figure1 shows the Gummel plot of a typical SiGe HBT measured before and after HC stress. The main effect of HC stress on the dc characteristics is an increase of the non-ideal base current. Essentially, the collector current remains unchanged and the dc current gain decreases after HC stress as shown in Fig GHz. The S-parameters are the most important parameters, which are widely used for discussing the properties of microwave transistors [IO]. In Fig.3 , we observe that S11 has a deviation under stress at low frequencies, it indicates the input impedance has been changed with HC stress. After 2.4 GHz, S I 1 has only a minor change as the collector current was kept constant, while SI1 still has an obvious deviation as the base current was kept constant due to the reduction ofthe transconductance, which is resulted from the reduction of collector current. This phenomenon is different from that observation in [9] , which showed the SI 1 has no changes under stress regardless of whether the base or the collector current was kept constant.
Since S22 is a function of output bias, the S22 of a transistor with constant base-current measurement shows a large deviation after stress due to the reduction of collector current, while the S22 of a transistor with constant collector-current measurement is changed slightly, as shown in Fig. 4 . In Fig.5 , the S21, which represents the transformed gain of RF input signal, also exhibits a deviation after HC stress. Under a constant base current, the S21 deviation is larger than that under constant collector current due to the change of transconductance.
To validate the HC effects on the cut-off frequency of the transistor, we calculated the small-signal current gain hzl from the S-parameters. Fig.6 shows the effects o f HC stress on the hZI versus frequency. The transistor was measured at a fixed collector current of 52 mA. It can be seen that the Fig.3 The measured SI 1 before and after stress at constant base-current and constant collector-current measurements. F r e q u e n c y (GHz)
Fig6 The Ih2, I versus frequency before and after stress measured at a fixed collector current. Frequency (GHz)
Rg.7 The Ih2,[ versus frequency before and after stress measured at a fixed base current.
magnitude of h21 decreases after stress at low frequency regime, while remains essentially unchanged forf> 1 GHz.
The small-signal current gain h2! related to frequency in an equivalent hybrid-?r model can he expressed as [6]
-9 3o 52 mA, v,=3v
, where the g,, r, and C , are the transconductance, base-emitter junction resistance, and base-emitter junction capacitance, respectively, andg, rn = ,6 . At low frequency regime, lhZ11 approaches to the dc current gain, which will decrease under stress (see Fig. 2 ). The reductiom of h21 at low frequency is consistent with the degradation of the dc current gain. However, at high frequency regime, the term of frequency OJ dominated, and the magnitude of h21 approaches to g J d , , while it shows unchanged after HC stress. On the other hand, for a constant base-current measurement as shown in Fig.7 , lh2,1 derivation occurs after stress over the entire frequency range. This is due to the Input Power (d6m)
Fig 9 Output power and power gain versus input power before and after stress measured at a fixed base current the reduction of collector current after HC stress. As well as the high-frequency characteristics, the microwave power characteristics are affected by the HC stress. Fig.8 shows the effects of HC stress on the output power and power gain G, of a transistor measured at a fixed collector current of 52mA. The optimized matched source and load impedances are essentially unchanged after HC stress. AAer HC stress, the output power and power gain decrease slightly in the small input power regime, but show no noticeable change in the high power regime. For class A operation, the linear power gain G, can be expressed as [I21 , where re is the emitter resistance, L, is the emitter lead inductance, Cb, is the base-collector capacitance, andfis the operating frequency. From (Z), we know the linear power gain is proportional tofr. Therefore, the minor reduction of linear power gain after stress is due to the minor change offr as shown in Fig. 6 . After gain compression, because the collector current is kept at a constant value, the output power and power gain even show no noticeable change under stress.
When the measurements were carried out by keeping a constant base current as shown in Fig.9 , the output power and power gain show significant degradations after stress. It is due to the large deviation offr after stress, as shown in Fig.  7 . It is worth noting that the optimized matched conditions have been changed after stress due to the change of the collector current. If we fixed the source and load impedances, the degradation of power performance after stress would be worse. Since the collector current is reduced after stress, it will limit the maximum magnitude of the output waveform to lower values, and thus the compression point will shift to lower output power. Hence the degradation in power gain and output power will be more pronounced in the high power regime. Although the power gain is reduced after stress, the power-added efficiency (PAE) changes only slightly (from 40% to 39%), due to the concomitant reduction of dc output power dissipation.
Conclusion
HC effects on the high-frequency . and power characteristics of SiGe HBTs have been investigated in this paper. We found that not only the cutoff frequency, but also the RF power and power gain were suffered by the HC stress. The performance degradation of a transistor under fixed base-current measurement is more serious than that under constant collector-current measurement. It suggests that the SiiSiGe amplifier performance can he made more robust to HC effects by biasing the HBT at constant collector current.
